Introduction {#sec1}
============

Block copolymer self-assembly in solution has been studied for more than 50 years.^[@ref1]−[@ref3]^ Typically, it is conducted at rather low copolymer concentration (\<1%) either via a solvent switch,^[@ref4]−[@ref6]^ pH adjustment,^[@ref7]^ or by thin film rehydration.^[@ref8],[@ref9]^ However, such protocols are not amenable for industrial scale-up. This is a significant problem for many potential applications, including the use of block copolymer nanoparticles as colloidal templates,^[@ref10]^ for nanostructured films,^[@ref11]^ as responsive gels,^[@ref12]^ and in nanomedicine.^[@ref13],[@ref14]^

The development of living radical polymerization (LRP) techniques over the past two decades has undoubtedly revolutionized the synthesis of well-defined functional block copolymers.^[@ref15]−[@ref17]^ In this context, reversible addition--fragmentation chain transfer (RAFT) polymerization has proved to be particularly versatile.^[@ref18]−[@ref20]^ The recent combination of LRP chemistry with polymerization-induced self-assembly (PISA) has enabled the *rational* design of a wide range of AB diblock copolymer nano-objects.^[@ref21]−[@ref36]^ PISA syntheses can be conducted at relatively high solids without any need for post-polymerization processing, since the desired sterically stabilized nanoparticles are produced directly during the copolymer synthesis. RAFT-mediated dispersion polymerization formulations have been particularly effective.^[@ref18],[@ref35],[@ref37]−[@ref46]^ Thus, amphiphilic diblock copolymers are readily formed by chain extension of a soluble macromolecular chain transfer agent (macro-CTA) with a second polymer that gradually becomes insoluble, which drives *in situ* self-assembly. Aqueous dispersion polymerization has been extensively studied.^[@ref30],[@ref42],[@ref47]^ However, there are also many examples of RAFT PISA dispersion formulations conducted in alcoholic media^[@ref27],[@ref33],[@ref34],[@ref48]−[@ref54]^ and *n*-alkanes,^[@ref38],[@ref55]−[@ref57]^ as well as aqueous emulsion polymerization formulations.^[@ref25],[@ref29],[@ref58],[@ref59]^ Compared to conventional solution polymerization, such PISA syntheses allow relatively high copolymer concentrations (up to 40--50% solids^[@ref60],[@ref61]^) to be achieved while maintaining low solution viscosity. Moreover, faster polymerizations are usually observed, since monomer-swollen particles can act as nanoreactors.^[@ref62],[@ref63]^ Finally, enhanced living character has been observed for RAFT dispersion polymerization compared to solution polymerization.^[@ref64]^ In this rather esoteric example the PISA formulation involved a semifluorinated monomer, which conferred the isorefractivity with the ethanolic continuous phase that was required for UV spectroscopy studies of the rate of degradation of the RAFT chain-ends. Nevertheless, it seems likely that this may be a general result, at least for methacrylic monomers.

Various copolymer morphologies can be accessed via PISA, including spheres,^[@ref34],[@ref35],[@ref46]^ worms,^[@ref24],[@ref34],[@ref35]^ vesicles,^[@ref27],[@ref34],[@ref35]^ framboidal vesicles,^[@ref65]^ "lumpy rods",^[@ref66]^ and lamellae.^[@ref39],[@ref46],[@ref67]^ As first reported by Israelachvili and co-workers for surfactant amphiphiles,^[@ref68]^ the final copolymer morphology often depends on the relative volume fractions of the core-forming block and the stabilizer block. For PISA syntheses, several other parameters can also influence the copolymer morphology. These include the absolute DP of the stabilizer block,^[@ref30],[@ref35]^ the copolymer concentration (or total solids content),^[@ref30]^ the solution temperature,^[@ref12],[@ref69]^ the choice of solvent,^[@ref31],[@ref70]^ and, for aqueous syntheses, the solution pH^[@ref71]^ and salt concentration.^[@ref32],[@ref72],[@ref73]^ Detailed phase diagrams have been constructed for many PISA formulations, enabling specific copolymer morphologies to be targeted reproducibly. Such a systematic approach is essential to avoid undesirable mixed phases (e.g., spheres plus worms or worms plus vesicles).^[@ref33]−[@ref35],[@ref56]^

Dynamic light scattering (DLS)^[@ref74],[@ref75]^ and transmission electron microscopy (TEM)^[@ref76]^ are the most widely used characterization techniques described in the literature for assessing the particle size and morphology of diblock copolymer nano-objects.^[@ref77]^ For the former technique, a spherical morphology is assumed and a hydrodynamic diameter is reported. For the latter technique, assessment is often restricted to a few hundred particles, which may not necessarily be representative of the whole particle size distribution. A third, arguably more robust, characterization technique is small-angle X-ray scattering (SAXS).^[@ref78],[@ref79]^ This is much more statistically robust than TEM, since X-ray scattering is averaged over millions of particles. In principle, determining gradients for X-ray scattering intensity vs scattering vector, *q*, in the low *q* (Guinier) regime, enables various copolymer morphologies to be assigned.^[@ref80]^ Fitting a SAXS pattern to a core--shell model should allow determination of the mean particle diameter for spherical nanoparticles. However, this simplistic model incorrectly assumes a constant electron density throughout the coronal layer (or shell). If there is a sufficiently large difference in electron density between the two blocks, a more sophisticated spherical micelle model can be used.^[@ref81]−[@ref83]^ This enables physically realistic dimensions for the core and coronal layers to be calculated as well as the mean micelle aggregation number, *N*~agg~. Traditionally, the latter parameter can also be determined using multiangle laser light scattering (MALLS), also known as static light scattering (SLS).^[@ref84]^

Recently, we reported an all-methacrylic alcoholic RAFT dispersion polymerization formulation based on chain extension of a poly(2-(dimethylamino)ethyl methacrylate) (PDMA) macro-CTA using benzyl methacrylate (BzMA).^[@ref34]^ Substantially higher final monomer conversions were obtained compared to those previously reported for similar PISA formulations in which the core-forming block comprised polystyrene.^[@ref27],[@ref48],[@ref85]^ The RAFT dispersion polymerization of BzMA displayed relatively good pseudo-living character, as judged by GPC analysis. A systematic increase in spherical particle diameter was observed when targeting progressively higher degrees of polymerization (DP) for the core-forming block. When using a relatively short stabilizer block (DP = 31), either spheres, worms, or vesicles could be obtained when targeting longer core-forming blocks. In the present study, we have deliberately selected a significantly longer PDMA stabilizer block (DP = 94). This leads to more effective steric stabilization once initial micellar nucleation has occurred, which prevents further evolution in copolymer morphology and results in kinetically trapped spherical nanoparticles, regardless of the target DP for the core-forming PBzMA block.^[@ref34]^ A series of well-defined PDMA~94~--PBzMA~*x*~ spheres of varying size have been obtained, which have been characterized by TEM, DLS, SAXS, and MALLS. In particular, the latter two techniques are used to examine the evolution of the mean aggregation number in order to gain mechanistic insights regarding the particle growth mechanism for such PISA syntheses.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

All reagents were purchased from Sigma-Aldrich (UK) and used as received unless otherwise noted. Either 4,4′-azobis(4-cyanovaleric acid) (ACVA)) or 2,2′-azobis(isobutyronitrile) (AIBN) was used as an initiator. Benzyl methacrylate (96%) was passed through a column of inhibitor remover (also purchased from Sigma) prior to use. Deuterated chloroform (CDCl~3~), dichloromethane (CD~2~Cl~2~), and ethanol (C~2~D~5~OD) were purchased from Goss Scientific (Nantwich, UK).

Synthesis of 4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic Acid (PETTC) {#sec2.2}
-----------------------------------------------------------------------------------------

2-Phenylethanethiol (10.5 g, 76 mmol) was gradually added over 10 min to a stirred suspension of sodium hydride (60% in oil) (3.15 g, 79 mmol) in diethyl ether (150 mL) at 5--10 °C. Vigorous evolution of hydrogen gas was observed, and the grayish suspension was slowly transformed into a white viscous slurry of sodium phenylethanethiolate over 30 min. The reaction mixture was cooled to 0 °C, and carbon disulfide (6.0 g, 79 mmol) was gradually added to produce a thick yellow precipitate of sodium 2-phenylethanetrithiocarbonate, which was collected by filtration after 30 min and subsequently used in the next step without further purification. Solid iodine (6.3 g, 0.025 mol) was gradually added to a suspension of sodium 2-phenylethanetrithiocarbonate (11.6 g, 0.049 mol) in diethyl ether (100 mL). This reaction mixture was then stirred at room temperature for 1 h, and the insoluble white precipitate of sodium iodide was removed by filtration. The yellow--brown filtrate was washed with an aqueous solution of sodium thiosulfate to remove excess iodine, dried over sodium sulfate, and then evaporated to yield bis(2-phenylethanesulfanylthiocarbonyl) disulfide (∼100% yield). A solution of ACVA (2.10 g, 0.0075 mol) and bis(2-phenylethanesulfanylthiocarbonyl) disulfide (2.13 g, 0.005 mol) in ethyl acetate (50 mL) was degassed by nitrogen bubbling and heated at reflux under a dry nitrogen atmosphere for 18 h. After removal of the volatiles under vacuum, the crude product was washed with water (five 100 mL portions). The organic phase was concentrated and purified by silica chromatography using a mixed eluent (initially 7:3 petroleum ether/ethyl acetate, gradually increasing to a 4:6 solvent composition) to afford 4-cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid as a yellow oil. ^1^H NMR (400.13 MHz, CD~2~Cl~2~, 298 K) δ (ppm) = 1.89 (3H, −CH~3~), 2.34--2.62 (m, 2H, −CH~2~), 2.7 (t, 2H, −CH~2~), 3.0 (t, 2H, −CH~2~), 3.6 (t, 2H, −CH~2~), 7.2--7.4 (m, 5H, aromatic). ^13^C NMR (400.13 MHz, CD~2~Cl~2~, 298 K) δ (ppm) = 24.2 (CH~3~), 29.6 (CH~2~*CH*~2~COOH), 30.1(*CH*~2~Ph), 33.1 (*CH*~2~ CH~2~COOH), 39.9 (S*CH*~2~CH~2~Ph), 45.7 (S*C*CH~2~), 118.6 (CN), 127.4, 128.8, 129.2, 144.3 (Ph), 177.4 (C=O), 222.2 (C=S).

Synthesis of Poly(2-(dimethylamino)ethyl methacrylate) (PDMA) Macro-CTA via RAFT Solution Polymerization {#sec2.3}
--------------------------------------------------------------------------------------------------------

A round-bottomed flask was charged with 2-(dimethylamino)ethyl methacrylate (DMA; 30.0 g, 191 mmol), PETTC (0.589 g, 1.73 mmol), ACVA (49 mg, 0.173 mmol), and THF (30.0 g) (target DP = 110; macro-CTA/AIBN molar ratio = 10.0). The sealed reaction vessel was purged with nitrogen and placed in a preheated oil bath at 70 °C for 8.5 h. The resulting polymer (DMA conversion = 76%; *M*~n~ = 11 800 g mol^--1^, *M*~w~/*M*~n~ = 1.20) was purified by precipitation into excess petroleum ether. The mean degree of polymerization (DP) of this PDMA macro-CTA was calculated to be 94 using ^1^H NMR spectroscopy by comparing the integrated signals corresponding to the aromatic protons at 7.2--7.4 ppm with those assigned to the methacrylic polymer backbone at 0.4--2.5 ppm.

Synthesis of Poly(2-(dimethylamino)ethyl methacrylate)--Poly(benzyl methacrylate) (PDMA--PBzMA) Diblock Copolymer Nanoparticles via RAFT Dispersion Polymerization in Ethanol {#sec2.4}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In a typical RAFT dispersion polymerization synthesis conducted at 25% w/w solids, BzMA (2.00 g, 11.4 mmol), PDMA~94~ macro-CTA (840 mg, 0.057 mmol), and AIBN (1.90 mg, 0.011 mmol; macro-CTA/AIBN molar ratio = 5.0) were dissolved in ethanol (8.53 g). The reaction mixture was sealed in a round-bottomed flask, purged with nitrogen gas for 20 min, and then placed in a preheated oil bath at 70 °C for 24 h. The final monomer conversion was determined by ^1^H NMR analysis in CDCl~3~ by integrating the two benzylic protons at 4.9 ppm assigned to PBzMA to the two vinyl protons corresponding to BzMA monomer at 5.2 and 5.4 ppm. In further PDMA--PBzMA diblock copolymer syntheses, the mean DP of the PBzMA block was systematically varied by adjusting the BzMA/PDMA macro-CTA molar ratio.

Copolymer Characterization {#sec2.5}
--------------------------

Molecular weight distributions of the macro-CTA and the various diblock copolymers were assessed using gel permeation chromatography (GPC). The GPC setup comprised two 5 μm (30 cm) "Mixed C" columns; a WellChrom K-2301 refractive index detector operating at 950 ± 30 nm. THF eluent containing 2.0% v/v triethylamine and 0.05% w/v butylhydroxytoluene (BHT) was used at a flow rate of 1.0 mL min^--1^. A series of ten near-monodisperse linear poly(methyl methacrylate) standards (*M*~p~ ranging from 1280 to 330 000 g mol^--1^), purchased from Polymer Laboratories (Church Stretton, UK), were employed for calibration using the above refractive index detector. ^1^H NMR spectra were acquired in either CDCl~3~ or CD~2~Cl~2~ using a Bruker 400 MHz spectrometer (64 scans averaged per spectrum); all chemical shifts are reported in ppm (δ).

DLS measurements were conducted on highly dilute (∼0.10% w/w) copolymer ethanolic dispersions at 20 °C using a Malvern Instruments Zetasizer Nano series instrument equipped with a 4 mW He--Ne laser operating at 633 nm. Scattered light was detected at 173° using an avalanche photodiode detector with high quantum efficiency coupled to an ALV/LSE-5003 multiple tau digital correlator electronics system.

TEM studies were performed at 100 kV using a Phillips CM100 instrument equipped with a Gatan 1 k CCD camera. Initial 25% w/w dispersions were diluted with ethanol at 20 °C to generate 0.20% w/w dispersions. Copper/palladium TEM grids (Agar Scientific, UK) were surface-coated in-house to yield a thin film of amorphous carbon. These grids were then plasma glow-discharged for 30 s to create a hydrophilic surface. Each copolymer dispersion (0.20% w/w, 10 μL) was placed onto a freshly glow-discharged grid for 1 min and then blotted with filter paper to remove excess solution. To stain the deposited nanoparticles, a 0.75% w/w aqueous solution of uranyl formate (10 μL) was placed via micropipet on the sample-loaded grid for 20 s and then carefully blotted to remove excess stain. Each grid was then dried using a vacuum hose.

SAXS data were collected at a synchrotron (Diamond Light Source, station I22, Didcot, UK). A 2D SAXS detector (hybrid photon counting Dectris Pilatus 2M) was used for all experiments. SAXS patterns were recorded over a scattering vector (*q*) range from 0.025 to 1.65 nm^--1^ using monochromatic X-ray radiation (wavelength λ = 0.1001 nm), where the length of the scattering vector is given by *q* = (4π sin θ)/λ and θ is half of the scattering angle. A 2 mm diameter flow-through glass capillary cell was used as a sample holder for all measurements. Scattering data were reduced using Nika SAS data processing macros for Igor Pro (integration, normalization, and background subtraction) and further analyzed using Irena SAS macros within Igor Pro.^[@ref86]^ The structural model used for the SAXS data analysis is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf). This model is based on the analytical expression for a spherical micelle form factor^[@ref87]^ and has been reported previously for other PISA formulations.^[@ref88]^

Multiangle laser light scattering (MALLS) was used to determine the molecular weight of the PDMA~94~--PBzMA~*x*~ diblock copolymer spherical nanoparticles. Measurements were performed at 15°--160° using a DAWN HELIOS II 18 angle laser light scattering instrument (Wyatt Technologies Corp. USA) equipped with a 130 mW linearly polarized GaAs laser operating at 658 nm. Dispersions were diluted with ethanol to afford a copolymer concentration of approximately 0.01% w/v (0.1 mg mL^--1^) and measured in batch mode. Data were analyzed using ASTRA V software for Windows and extrapolating using the Zimm, Debye and Berry formalisms. Typical plots obtained for PDMA~94~--PBzMA~392~ nanoparticles analyzed using each of the three formalisms can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf) (see Figures S4 and S5).

An Optilab T-rEX differential refractometer was used to determine the d*n*/d*c* for dilute copolymer dispersions in ethanol over a concentration range of 0.10--0.50 mg mL^--1^. Further details are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf).

Results and Discussion {#sec3}
======================

A PDMA macro-CTA was synthesized by conventional RAFT solution polymerization in THF (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Following purification, the mean DP of this PDMA macro-CTA was estimated to be 94 by ^1^H NMR spectroscopy. This PDMA~94~ macro-CTA was then chain-extended with differing amounts of BzMA via RAFT dispersion polymerization in ethanol at 70 °C to produce a series of PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles. These syntheses were conducted at 25% w/w solids with the target PBzMA degree of polymerization (DP) (*x*) being varied between 100 and 1000. Each BzMA polymerization was allowed to proceed for 24 h prior to analysis by ^1^H NMR, THF GPC, DLS and TEM; the results are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![Synthesis of a Poly(2-(dimethylamino)ethyl methacrylate) (PDMA) Macro-CTA by RAFT Solution Polymerization Followed by Chain Extension with Benzyl Methacrylate (BzMA) via Ethanolic RAFT Dispersion Polymerization To Produce Sterically Stabilized Spherical Nanoparticles](ma-2015-02385c_0011){#sch1}

Targeting higher PBzMA DPs led to lower BzMA conversions: monomer conversions ≥98% were obtained up to a target DP of 600, but significantly lower conversions were achieved when targeting DPs of 800--1000. In this series of PISA syntheses, the target copolymer concentration was fixed at 25% w/w. Thus, higher DPs for the PBzMA block were targeted by lowering the PDMA macro-CTA concentration relative to the BzMA monomer concentration. Since the macro-CTA/initiator molar ratio was fixed at 5.0, this means that progressively lower initiator concentrations were utilized when targeting longer core-forming blocks. This accounts for the progressively slower rates of BzMA polymerization. THF GPC analyses indicate unimodal molecular weight distributions and minimal contamination of the PDMA~94~--PBzMA~*x*~ diblock copolymers with unreacted PDMA~94~ macro-CTA, which suggests relatively high blocking efficiencies (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). GPC analyses also indicate a monotonic increase in diblock copolymer *M*~n~ as higher PBzMA DPs are targeted (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Furthermore, *M*~w~/*M*~n~ values remained below 1.35 in all cases (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Representative TEM images recorded for selected dried dispersions are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles invariably exhibited a uniform spherical morphology, as expected given the relatively high stabilizer DP chosen for these syntheses. Mean particle diameters estimated from these TEM images are somewhat smaller than those calculated by DLS. This is partly because the former technique is insensitive to the PDMA stabilizer layer and partly because the latter technique is more biased toward larger particles, since these scatter light much more strongly.

###### ^1^H NMR Monomer Conversions, GPC Molecular Weights (*M*~n~), Polydispersities (*M*~w~/*M*~n~), and Intensity-Average Particle Diameters Obtained for PDMA~94~--PBzMA~*x*~ Diblock Copolymer Nanoparticles Synthesized at 25% w/w Solids by RAFT Alcoholic Dispersion Polymerization of BzMA Using a PDMA~94~ Macro-CTA in Ethanol at 70 °C

  target composition      BzMA conv (%)   actual PBzMA DP   *M*~n~   *M*~w~/*M*~n~   DLS diam (*d*~H~)
  ----------------------- --------------- ----------------- -------- --------------- -------------------
  PDMA~94~--PBzMA~100~    100             100               22000    1.34            39.9 (0.02)
  PDMA~94~--PBzMA~200~    99              198               33200    1.32            47.6 (0.04)
  PDMA~94~--PBzMA~300~    100             300               44600    1.35            61.5 (0.09)
  PDMA~94~--PBzMA~400~    98              392               53900    1.34            65.6 (0.02)
  PDMA~94~--PBzMA~500~    99              495               68300    1.35            73.9 (0.02)
  PDMA~94~--PBzMA~600~    99              594               75000    1.23            77.9 (0.02)
  PDMA~94~--PBzMA~700~    95              665               82000    1.28            88.2 (0.07)
  PDMA~94~--PBzMA~800~    76              608               76900    1.32            83.2 (0.03)
  PDMA~94~--PBzMA~900~    81              729               88400    1.32            93.2 (0.03)
  PDMA~94~--PBzMA~1000~   81              810               93900    1.31            98.3 (0.01)

Thus, for any size distribution of finite width, the intensity-average diameter reported by DLS always exceeds the number-average diameter calculated from TEM images. DLS polydispersities remained relatively low (0.01--0.09) in each case, which suggests fairly narrow particle size distributions (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows how hydrodynamic diameter increases during a polymerization by analyzing samples taken during a polymerization targeting a final PBzMA DP of 500.

![(a) THF GPC traces for a series of PDMA~94~--PBzMA~*x*~ diblock copolymers showing the increase in molecular weight with increasing PBzMA DP (*x*). (b) Plot showing the correlation between PDMA~94~--PBzMA~*x*~ diblock copolymer *M*~n~ (as determined by GPC) and PBzMA DP. The *M*~n~ for the PDMA~94~ macro-CTA (also determined by GPC) is shown in red and explains the nonzero intercept.](ma-2015-02385c_0002){#fig1}

![Representative TEM images obtained for PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles prepared at 25% w/w solids via RAFT dispersion polymerization in ethanol at 70 °C. Increasing the target degree of polymerization, *x*, of the core-forming PBzMA block results in progressively larger spherical nanoparticles. (a) PDMA~94~--PBzMA~100~ (b) PDMA~94~--PBzMA~300~ (c) PDMA~94~--PBzMA~495~ and (d) PDMA~94~--PBzMA~810~.](ma-2015-02385c_0003){#fig2}

SAXS was utilized to further characterize the series of 10 PDMA~94~--PBzMA~*x*~ (*x* = 100--810) diblock copolymer nanoparticles. Scattering patterns were recorded for 1.0% w/v dispersions in ethanol to minimize interparticle interactions. Representative curves expressed as double-logarithmic plots of *I*(*q*) against *q* are shown for three different PBzMA DPs in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a; each curve was fitted using a micelle model by assuming a Gaussian particle size distribution (further details are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf)). There are seven parameters in this model: the micelle core radius, *R*~s~, the standard deviation of the core radius σ~Rs~, solvent volume fraction in the core, *x*~sol~, the radius of gyration of the corona block, *R*~g~, the width of the radial density distribution function of the micelle coronas, *s*, the weight coefficient of the profile function, *a*, and the relative copolymer concentration, *c*. Four of these seven parameters (*x*~sol~, *R*~g~, *s*, and *a*) were fixed at physically realistic values obtained from independent measurements in order to constrain the fittings. Alternatively, allowing *x*~sol~ and *R*~g~ to vary during fitting led to physically unrealistic (much higher) values for these parameters. Thus, this approach was not explored further. The radius of gyration, *R*~g~, of the PDMA stabilizer block was taken to be 3.2 nm based on SAXS studies of a 1.0% w/v solution of PDMA~94~ macro-CTA dissolved in ethanol (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). It should be noted that the *R*~g~ value obtained for the corona PDMA block is comparable to that calculated assuming theta solvent conditions. The projected contour length of a PDMA monomer is 0.255 nm (two C--C bonds in *all-trans* conformation). Thus, the total contour length of a PDMA~94~ block is *L*~PDMA~ = 94 × 0.255 nm = 24.0 nm. Given a mean Kuhn length of 1.53 nm (based on the known literature value for PMMA^[@ref89]^), the PDMA~94~ radius of gyration is 2.5 nm, *R*~g~ = (24.0 × 1.53/6)^0.5^. Since this estimated *R*~g~ is slightly less than the experimental value, this indicates that ethanol is a better-than-theta solvent for PDMA. Assuming that this *R*~g~ remains unchanged after chain extension of the macro-CTA with BzMA, the PDMA stabilizer layer thickness is estimated to be *s* = 2*R*~g~, or 6.4 nm. In practice, the *R*~g~ of the PDMA block may well increase somewhat as this stabilizer block adopts a brush-like conformation during the synthesis of the PDMA--PBzMA diblock copolymer nanoparticles, but similar approximations have been previously reported by others to give good model fits.^[@ref90],[@ref91]^

![(a) Representative DLS curves obtained for PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles prepared at 25% w/w solids via RAFT dispersion polymerization of BzMA in ethanol at 70 °C. Increasing the target degree of polymerization, *x*, of the core-forming PBzMA block results in progressively larger spherical nanoparticles. (b) Hydrodynamic diameter of the growing PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles as determined by DLS measurements conducted on diluted dispersions extracted during a PISA synthesis targeting PDMA~94~--PBzMA~500~. The PBzMA DP was determined by ^1^H NMR analysis of each sample.](ma-2015-02385c_0004){#fig3}

^1^H NMR studies of the PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles diluted in C~2~D~5~OD indicated only a very low degree of solvation for the core-forming PBzMA block (5--13%) (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf) for typical spectra). Thus, when using the SAXS micelle model, the volume fraction of ethanol in the particle core (*x*~sol~) was held constant at 0.10 for all copolymer dispersions. The physical significance of the *a* coefficient is briefly discussed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf). The constrained model with three variable parameters produced good fits to the scattering patterns (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). SAXS analysis indicates that the core radius of the spherical micelles increases when targeting a higher DP for the core-forming PBzMA block (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The concomitant increase in the micelle aggregation number is likely to be the result of an increase in the nanoparticle surface area. In this respect, it is noteworthy that the number of chains per unit surface area (*S*~agg~, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) is reduced from an initial value of 0.092 for PDMA~94~--PBzMA~100~ to a limiting value of approximately 0.050 when targeting longer PBzMA blocks (*x* = 495--810). Although not previously reported, both *N*~agg~ and *S*~agg~ can be calculated from SAXS analysis of PGMA~59~--(PHPMA~91~-*stat*-PDEGMA~39~)^[@ref88]^ and PEG~113~--PHPMA~100~^[@ref92]^ spheres prepared via PISA. The *S*~agg~ values obtained for these two diblock copolymers are 0.08 and 0.07, respectively, which are in close agreement with those observed in the present study.

![SAXS patterns recorded for (a) selected PDMA~94~--PBzMA~*x*~ spherical nanoparticles in ethanol at 1.0% w/v solids (previously prepared at 25% w/v solids via RAFT dispersion polymerization of BzMA in ethanol at 70 °C using a PDMA~94~ macro-CTA) and (b) PDMA~94~ macro-CTA dissolved in ethanol at 1.0% w/v solids. The red lines indicate data fits obtained using (a) a spherical micelle model ([eqs S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf)) and (b) a Debye function for a Gaussian chain ([eq S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf)).](ma-2015-02385c_0005){#fig4}

The relationship between mean particle diameter (as determined by SAXS, DLS, and TEM) and PBzMA DP (corrected for incomplete monomer conversion, where applicable) is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. A linear relationship is observed for each technique, and there is a significant difference between the mean diameters reported by SAXS and DLS compared to those estimated from TEM images. Both DLS and SAXS give a diameter ≈10--20 nm larger than TEM, and this difference simply indicates the thickness of the steric stabilizer layer (≈ 2 × 6.4 nm).

###### Summary of the Structural Parameters Obtained from SAXS Analysis of PDMA~94~--PBzMA~*x*~ Diblock Copolymer Spherical Nanoparticles Prepared via RAFT Dispersion Polymerization of BzMA in Ethanol at 70 °C Using a PDMA~94~ Macro-CTA[a](#tbl2-fn1){ref-type="table-fn"}

  copolymer composition   *R*~s~ (nm)   *V*~mc~ (nm^3^)   *D*~total~ (nm)   *N*~agg~ (chains)   *S*~agg~ (chains nm^--2^)
  ----------------------- ------------- ----------------- ----------------- ------------------- ---------------------------
  PDMA~94~--PBzMA~100~    11.2          36                35.3              145                 0.092
  PDMA~94~--PBzMA~198~    16.4          68                45.5              243                 0.072
  PDMA~94~--PBzMA~300~    21.2          104               55.2              346                 0.061
  PDMA~94~--PBzMA~392~    25.2          133               63.2              452                 0.057
  PDMA~94~--PBzMA~495~    29.0          169               70.8              542                 0.051
  PDMA~94~--PBzMA~594~    31.3          182               75.3              631                 0.051
  PDMA~94~--PBzMA~608~    33.5          195               79.7              723                 0.051
  PDMA~94~--PBzMA~665~    35.9          220               84.5              787                 0.049
  PDMA~94~--PBzMA~729~    38.3          241               89.4              876                 0.048
  PDMA~94~--PBzMA~810~    39.9          266               92.6              899                 0.046

These structural parameters are the micelle core radius (*R*~s~), solvophobic block volume (*V*~mc~), overall particle diameter (*D*~total~ = *R*~s~ + 2*R*~g~), mean aggregation number of copolymer chains per spherical micelle (*N*~agg~), and the number of copolymer chains normalized with respect to the surface area of the spherical nanoparticles \[*S*~agg~ = *N*~agg~/(4π*R*~s~^2^)\]. Further details regarding these SAXS spherical micelle model parameters can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf).

![Mean particle diameters determined for a series of PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles as determined by SAXS, DLS, or TEM. Nanoparticles were synthesized at 25% w/w solids via RAFT dispersion polymerization of BzMA at 70 °C in ethanol.](ma-2015-02385c_0006){#fig5}

A double-logarithmic plot of the particle core diameter, *d*, as determined by SAXS, against the mean DP (*x*) of the core-forming PBzMA block is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Using a power law of the form *d* = *kx*^α^ enables the exponent α to be determined from the linear gradient. According to the literature,^[@ref93],[@ref94]^ the value of α indicates how solvated the PBzMA chains are within the particle cores: α = 0.50 for completely collapsed chains and α = 1.00 for fully stretched chains.^[@ref93]−[@ref95]^ From [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} the exponent α is calculated to be 0.62, which suggests that the PBzMA chains are only weakly solvated. This is consistent with ^1^H NMR studies conducted in C~2~D~5~OD and also supports the relatively low solvent volume fraction assumed for the SAXS analysis. Theoretical predictions made for diblock copolymer micelles predict that an α value of 0.66 corresponds to the strong segregation regime.^[@ref93]^ Nagarajan and Ganesh^[@ref96]^ predicted a system-specific scaling exponent, with α values of 0.70 for polystyrene--polybutadiene block copolymers in *n*-heptane and 0.73 for poly(ethylene oxide)--poly(propylene oxide) in water. Such values are in relatively good agreement with that calculated for the present PDMA--PBzMA formulation, particularly given that the scaling exponent in this model is known to change depending on the precise nature of the diblock copolymer and solvent.

![Relationship between SAXS particle core diameter (*d*) and PBzMA DP (*x*) for a series of PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles. Assuming a power law of the form *d* = *kx*^α^ enables an α exponent of 0.62 to be calculated, which suggests a relatively low degree of core solvation and strong segregation between the two blocks.](ma-2015-02385c_0007){#fig6}

Multiangle laser light scattering (MALLS) was used to determine the weight-average molecular weight, *M*~w~, of the diblock copolymer nanoparticles. MALLS is the preferred analytical technique for determining the absolute *M*~w~ of various soluble polymer chains in solution.^[@ref97]−[@ref99]^ However, this technique requires the differential refractive index (d*n*/d*c*) as an input parameter. This was calculated for each diblock composition using a commercial differential refractometer (see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf) for representative raw data and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf) for the corresponding d*n*/d*c* values). Some experimental scatter was observed within this d*n*/d*c* data set, which may be attributable to varying amounts of residual BzMA monomer in the copolymer dispersions when targeting higher PBzMA DPs (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In view of this likely problem, no MALLS analysis was attempted for nanoparticle dispersions containing significant levels of residual BzMA. For the subset of six PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticle syntheses for which at least 98% BzMA conversion was achieved (i.e., for *x* = 100--600), d*n*/d*c* values ranged from 0.1572 to 0.1722 mL g^--1^ (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf)). This trend was anticipated, since these copolymers contain a progressively greater proportion of PBzMA, which has a higher refractive index than the PDMA block. These d*n*/d*c* values were used for the analysis of light scattering data to obtain *M*~w~ values for a subset of five PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticle dispersions in ethanol.

The Zimm,^[@ref100]^ Debye,^[@ref101]^ and Berry^[@ref102]^ methods are the most common analytical techniques for determining molecular weights via MALLS. Light scattering data obtained for PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles were analyzed by each of these three methods; the associated equations can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf). It was found that each method gave very similar results for the micelle molecular weight (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf)). Taking into consideration the various experimental errors associated with each method,^[@ref103]^ it was decided to use the *M*~w~ values calculated using the Debye method to determine the corresponding micelle aggregation numbers. The Debye method uses [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} to construct a graphical plot of the type shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. Andersson et al. also concluded that this approach was superior to either the Berry or Zimm methods for spheres with mean diameters greater than 50 nm.^[@ref103]^Here *R*~θ~ is the Rayleigh ratio, *K* is an optical constant, *c* is the concentration (in mg mL^--1^) of the scattering species, *M*~w~ is the weight-average molecular weight, *P*(θ) is the particle scattering function, and *A*~2~ is the second virial coefficient (in mol mL g^--1^). [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows an example of the data extrapolation using the Debye method to determine *M*~w~ from the MALLS data for PDMA~94~--PBzMA~392~ (plots for the analysis of the other diblock copolymer nanoparticles can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf), see Figure S6).

![Representative MALLS plot using the Debye formalism for light scattering data obtained for PDMA~94~--PBzMA~392~ diblock copolymer micelles dispersed in ethanol. The weight-average molecular weight (*M*~w~) of these micelles was determined to be 4.979 × 10^7^ g mol^--1^, which indicates a micelle aggregation number, *N*~agg~, of 441.](ma-2015-02385c_0008){#fig7}

The *M*~w~ value for each molecularly dissolved diblock copolymer was determined by multiplying its *M*~n~ (determined by end-group analysis by ^1^H NMR spectroscopy in CDCl~3~ using the PDMA block as an end-group) by the corresponding *M*~w~/*M*~n~ value determined by GPC analysis. The mean aggregation number (*N*~agg~) was then calculated by dividing the *M*~w~ determined for the diblock copolymer nanoparticles using MALLS by the *M*~w~ calculated for the individual diblock copolymer chains. Both MALLS and SAXS analyses indicate an approximately linear relationship between *N*~agg~ and PBzMA DP, with remarkably good agreement being observed between these two techniques (see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). As far as we are aware, this is the first time that either MALLS or SAXS has been utilized to determine mean aggregation numbers for diblock copolymer nanoparticles prepared via PISA. Inspecting [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, *N*~agg~ increases from 145 to 631 as the PBzMA DP is varied from 100 to 594. Conversely, the number of chains per nm^2^, *S*~agg~, is reduced with increasing PBzMA DP over the same interval, after which it remains fairly constant, whereas *N*~agg~ continues to increase (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). This suggests that immediately after micellar nucleation the stabilizer chains adopt an initial brush-like conformation, but subsequent particle growth leads to a less stretched, mushroom-like conformation as the mean interchain separation distance is gradually increased.

![Mean aggregation number (*N*~agg~) as determined by either multiangle laser light scattering (MALLS) or small-angle X-ray scattering (SAXS) for a series of PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles synthesized via RAFT dispersion polymerization of BzMA in ethanol at 70 °C.](ma-2015-02385c_0009){#fig8}

In principle, an increase in particle diameter during PISA could be simply the result of an increase in copolymer molecular weight; i.e., the mean aggregation number of the nascent micelles formed during nucleation might remain unchanged throughout the BzMA polymerization. However, Zhang and co-workers have estimated aggregation numbers from a combination of DLS and ^1^H NMR spectroscopy data obtained during the RAFT dispersion polymerization of styrene conducted in an ethanol/water mixture.^[@ref104]^ These results indicate larger aggregation numbers at higher conversions, which suggests that the observed increase in particle size is not simply the result of the linear evolution in copolymer molecular weight that characterizes well-behaved RAFT syntheses. The data shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} were obtained at essentially full conversion for a series of separate PISA syntheses rather than *in situ* data obtained over a range of monomer conversions. Nevertheless, it suggests that the aggregation number increases during this particular RAFT dispersion polymerization similar to that reported by Zhang and co-workers.^[@ref104]^ An increase in *N*~agg~ for larger micelles has also been predicted by Nagarajan and Ganesh^[@ref96]^ based on the free energy of micellization.

If *N*~agg~ does increase during these PISA syntheses, a pertinent question is by which physical mechanism(s) do these diblock copolymer nanoparticles increase their aggregation number? There are two obvious possible mechanisms: (i) exchange of individual copolymer chains between nanoparticles and (ii) sphere--sphere fusion (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Exchange of block copolymer chains between micelles is well-known in the literature, especially for core-forming blocks with low glass transition temperatures (e.g., polybutadiene or Pluronics).^[@ref105],[@ref106]^ On the other hand, there are various reports of kinetically frozen (non-ergodic) micelles comprising high glass transition temperature blocks such as polystyrene or poly(methyl methacrylate).^[@ref4],[@ref107]−[@ref111]^ According to Zhang and co-workers,^[@ref104]^ copolymer chain exchange is favored during PISA syntheses because the core-forming block is well-solvated by the unreacted monomer, which should favor high chain mobility. This seems to be a perfectly reasonable hypothesis. Such monomer partitioning has been suggested for various RAFT dispersion polymerization formulations in order to explain the pronounced rate enhancement that is closely correlated with micellar nucleation.^[@ref56],[@ref63],[@ref112]^

However, Zhang et al. also discount sphere--sphere fusion as a possible mechanism, mainly on the grounds that the DLS size distributions obtained during the PISA synthesis are invariably narrow. We feel that this is a more debatable hypothesis because it is well-known that DLS is a rather low resolution particle size analysis technique.^[@ref113]^ The 3D fusion of spheres to produce larger spheres is a widely accepted particle growth mechanism for conventional free radical dispersion polymerization.^[@ref114]^ Moreover, we note that a hypothetical sphere--sphere fusion event involving the inelastic collision of two identical spheres each of radius *r* and mass *m* to form a single larger sphere of mass 2*m* only results in a 26% increase in the particle radius. Notwithstanding the argument postulated by Zhang et al.,^[@ref104]^ we suggest that *isotropic* sphere--sphere fusion may well occur during PISA, which would clearly lead to larger nanoparticles with higher *N*~agg~ values. After all, it is well-established that *anisotropic* sphere--sphere fusion occurs if the stabilizer block is relatively short in certain PISA formulations, since this is the mechanism by which diblock copolymer worms are formed.^[@ref63]^ More specifically, the latter phenomenon is already known for the PISA synthesis of PDMA~31~--PBzMA~*x*~ diblock copolymer worms in ethanol.^[@ref33]^ Thus, it does not seem unreasonable that *isotropic* sphere--sphere fusion events may occur for PDMA~94~--PBzMA~*x*~ diblock copolymer formulations, with the longer PDMA stabilizer block ensuring that the final copolymer morphology is restricted to spheres. It is also feasible that *both* mechanisms shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} may contribute to particle growth during PISA syntheses.

![Schematic cartoon illustrating the two possible mechanisms proposed for the concomitant increase in micelle diameter and aggregation number during the growth of the core-forming PBzMA block. Mechanism (a) involves exchange of individual copolymer chains between micelles following nucleation, while mechanism (b) involves *isotropic* sphere--sphere fusion events.](ma-2015-02385c_0010){#fig9}

Conclusions {#sec4}
===========

The growth of PDMA~94~--PBzMA~*x*~ diblock copolymer nanoparticles prepared via RAFT alcoholic RAFT dispersion polymerization has been studied in detail using a relatively long PDMA macro-CTA as a steric stabilizer. The target DP for the core-forming PBzMA block was varied from 100 to 1000, which enables the final DLS particle diameter to be systematically controlled from 40 to 98 nm. In each case well-defined spherical nanoparticles with narrow size distributions were obtained. Final BzMA conversions were high (\>98%) for *x* = 100--600, but significantly lower conversions were obtained for higher target DPs. SAXS analysis enabled a range of structural parameters to be determined from data fits based on a spherical micelle model, including the overall diameter, the core diameter, the surface area occupied per copolymer chain, and the mean aggregation number (*N*~agg~). A power law plot of core diameter against the DP of the PBzMA block indicated an α exponent of 0.62, which is consistent with the relatively low solvent volume fraction indicated by ^1^H NMR spectroscopy studies. MALLS was also used to determine *N*~agg~ values for selected dispersions, and these data were generally in good agreement with those values calculated from SAXS analysis. For both techniques, *N*~agg~ increased linearly with the target DP of the core-forming PBzMA block. This suggests that the particle growth mechanism during PISA involves exchange of individual copolymer chains between monomer-swollen nanoparticles and/or isotropic sphere--sphere fusion events. There is reasonable indirect experimental evidence in the PISA literature to support both mechanisms.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.macromol.5b02385](http://pubs.acs.org/doi/abs/10.1021/acs.macromol.5b02385).Spherical micelle model used for SAXS analysis; differential refractive index measurements; molecular weight determination from MALLS data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02385/suppl_file/ma5b02385_si_001.pdf))
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